INTRODUCTION
Phthalate esters (PAEs) have been industrially produced for several decades, mainly as non-reactive plasticizers in the production of plastics such as polyvinyl chloride, cellulosic and styrene, to improve their softness and flexibility, and as non-plasticizers in the manufacturing of propellants, repellents, and cosmetics. Many PAEs and their metabolites cause adverse effects on reproduction and development in humans and animals such as testicular and sexual differentiation effects (Ema et al., 1998; NTP-CERHR, 2000 , 2003 Zhang et al., 2004) . In addition, some of PAEs are carcinogenic to animals (Huber et al., 1996) , several PAEs and their metabolic products are environmental hormones, for instance, they act functionally as antiandrogens during the prenatal period in animals (Moore et al., 2001) . Recent investigations in human data are consistent with animal data that PAEs and their metabolites cause toxic effects in the reproductive system (Matsumoto et al., 2008) .
The PAEs are widely used in our lives. Current con-sources of PAEs in groundwater. Six kinds of the PAEs, i.e. di-methyl phthalate (DMP), di-ethyl phthalate (DEP), di-n-butyl phthalate (DnBP), butylbenzyl phthalate (BBP), di (2-ethylhexyl) phthalate (DEHP) and di-n-octyl phthalate (DnOP), which have been identified as priority pollutants by the US Environmental Protection Agency (USEPA) and the China National Environmental Monitoring Center (Staples et al., 1997) , were more systematically analyzed in surface water and groundwater in Dongguan city of the Pearl River Delta, South China, although the preliminary analytical results has been reported by Zhang et al. (2011) . The results will be beneficial to the understanding of the migration and transportation of PAEs in the ecological environmental system (atmosphere -surface water -soil/sediment -groundwater).
MATERIALS AND METHODS

Chemicals and materials
We purchased a mixed solution containing six phthalate esters, DMP, DEP, DnBP, BBP, DEHP and DnOP, as well as three surrogate standards (di-n-phenyl phthalate, diisophenyl phthalate and di-n-benzyl phthalate), and an internal standard (benzyl benzoate) in n-hexane at 1000 mg/L each from Dr. Ehrenstorfer GmbH (Germany). In addition, a solution containing the three surrogate standards as mentioned above in acetone with concentration of 500 mg/L each, and the internal standard (benzyl benzoate; 500 mg/L in acetone) were purchased from the same company.
To avoid contamination, no plastic equipment was SW6   SW3   SW4   SW5   SW2   SW9   SW7   SW8   GW01   GW02   GW03   GW04   GW05   GW06   GW07  GW08   GW09   GW10   GW11   GW12   GW13  GW14   GW15   GW16   GW17   GW18   GW19   GW20   GW21   GW22   GW23   GW24   GW25   GW26   GW27   GW28   GW29   GW30   GW31   GW32   GW33   GW34  GW35   GW36   GW37  GW38   GW39   GW40   GW41   GW42   GW43   GW44   GW45   GW46   GW47   GW48   GW49   GW50   GW51   GW52  GW53   GW54   GW55   GW56 SW: surface water GW: groundwater used during experimental processing. All organic solvents used were of analytical grade, and redistilled using glass system. Laboratory glassware was soaked 24 h in K 2 Cr 2 O 7 /H 2 SO 4 solution, washed with redistilled water, baked at 300°C for 12 h, and then rinsed with acetone, dichloromethane (DCM), and n-hexane. Neutral silica gel (80-100 mesh), and alumina (100-200 mesh) were cleaned DCM using Soxhlet extractor for 72 h, activated at 180 ± 1°C, 250 ± 1°C for 12 h, and then deactivated with 3% (w/w) of deionized water, respectively. Filter paper was extracted with DCM with Soxhlet extractor for 72 h prior to use.
Study area and sampling
Dongguan city is located in the center of the Pearl River Delta, and west adjoin Guangzhou city. Its total area is 2465 km 2 and belongs to the Dongjiang river basin, the annual average temperature is in the range of 22.7 to 23.6°C, and the precipitation is in the range of 1547 to 2074 mm in this area. The shallow groundwater in study area is mainly recharged by meteoric water and surface water, and the groundwater flow in study area is mainly affected by topography and surface water due to the complicated hydraulic connection between surface water and shallow groundwater, and it is also affected by seawater intrusion since the study area neighboring the South China Sea (Sun et al., 2007) . Fifty-six groundwater and nine surface water samples were collected from the study area in November 2006, and samples were collected below the water table 50 cm depth. The sampling sites are illustrated in Fig. 1 . During sampling and further processing of the samples, precautions were taken to avoid PAEs contamination. At each sampling point, surface water samples were collected using a clean stainless steel bottle and promptly transferred to 1 L brown glass flasks with polytetrafluoroethylene (PTFE)-lined screw-caps, and the groundwater samples were collected at 50 cm depth below groundwater table by using a clean stainless steel sampler which was invented by our research team (Sun et al., 2007) . These samples were stored below 4°C and then transported to the laboratory and immediately filtered with 0.45 µm membrane (PL, Millipore), and the filtrated samples were also stored below 4°C in precleaned 1 L brown glass bottles until analysis. In-situ measurements of static groundwater table were made using a water level instrument (JY-YT-SWY-2, Beijing Heng Odd Instrument Co., Ltd., China) prior to sampling.
Sample extraction
Sample extraction and pretreatment were performed according to the USEPA method 3535 and 8061, respectively. Samples were extracted using a 12-port vacuum manifold solid-phase extraction (SPE) system (Supelco, USA). Prior to extraction, samples was added by 10 µL, 100 mg/L surrogate standards. SPE cartridge (500 mg × 6 mL, Agilent, USA) was pretreated with 2 mL methylene chloride, 1 mL acetone, 2 mL methanol and 2 mL organic-free water, respectively. Samples were extracted at a flow rate of 4 mL/min. The extracts were concentrated, flowed through anhydrous sodium sulfate, solventexchanged to n-hexane, and further reduced to approximately 1.0 mL under gentle nitrogen (N 2 ) flow. Known quantities of internal standard were added to the sample prior to instrumental analysis.
Instrumental analysis
The samples were analyzed with an Agilent 6890N gas chromatography with FID detector (PA, USA), and a DB-5MS capillary column (30 m × 250 mm × 0.25 mm) (Agilent, USA) for chromatographic separation. The detector temperature was maintained at 280°C. The column temperature program was initiated at 80°C for 1.0 min, increased to 280°C at a rate of 6°C/min, and held for 10 min. Flow rate of the carrier gas N 2 was kept constant at 1.2 mL/min. The extracts (1.0 mL) were injected onto GC in splitless mode with an inlet temperature of 280°C. Quantification was performed using the internal calibration method based on five-point calibration curve for individual PAEs. Benzyl benzoate was used as internal standard for the quantification of PAEs.
Quality control and quality assurance
For each batch of 20 field samples, a transportation blank, a field blank, a procedural blank, a spiked blank, a Table 1 .
RESULTS AND DISCUSSION
Concentrations of PAEs in surface water
The total and individual concentrations of six PAE compounds in surface water from the northwest of Dongguan city are shown in Table 2 . The detectable frequency (DF) of total concentrations of six PAE compounds (Σ 6 PAEs) in surface water samples was 77.8%, which indicates that surface water in most of northwest of Dongguan contaminated with PAEs. The Σ 6 PAEs in surface water are from below detection limit (BDL) to 33.8 µg/L, with a mean value of 11.1 µg/L. Among the six PAE compounds in surface water, the average concentrations are in the following order:
It is clear that DEHP is abundant in most of surface water samples, and the average contribution to the Σ 6 PAEs is 44.0%. The next is DnBP, and the average contribution is 39.8%, followed by DEP, and the average contribution is 9.7%. Obviously, DnBP and DEHP predominate in PAEs in the surface water of northwest of Dongguan city. This result agrees with those as reported previously (Sha et al., 2007; Wang et al., 2008b; Zeng et al., 2009) , in which the DnBP and DEHP were also dominant compounds of PAEs in the Yangtze River, Yellow River and urban lakes of Guangzhou city. Furthermore, this work shows that a single PAE congener is highly correlated with the Σ 6 PAEs in surface water of northwest of Dongguan city. The highest Pearson correlation coefficient (R) of 0.803 (p < 0.01) between the DnBP concentration and Σ 6 PAEs suggests that the DnBP is a predictive indicator for the Σ 6 PAEs in surface water, which agree with the previous study in other surface water (Zeng et al., 2008) . There is significant variation in the Σ 6 PAEs in surface water from northwest of Dongguan city (Fig. 2 ). Higher Σ 6 PAEs were measured in sites SW01-02 and SW05-09, where are relatively far from the Pearl River. Relatively low Σ 6 PAEs were measured in sites SW03 and SW04, in contrast, which are relatively near the Pearl River.
Concentrations of PAEs in groundwater
The individual PAE concentration and Σ 6 PAEs in groundwater from the Dongguan city are shown in Table  2 . The DF of the Σ 6 PAEs in groundwater samples is 39.3%, which indicates that groundwater in part of Dongguan city contaminated with PAEs. The Σ 6 PAEs in groundwater are from BDL to 6.7 µg/L, with a mean value of 0.96 µg/L. Similar to in surface water, the averaged concentrations of individual PAEs in groundwater of study area are in the following order:
Only DnOP concentrations in all groundwater samples are BDL, and the DF of six PAE compounds in groundwater had the following order: DEHP (23.2%) > DnBP (19.6%) > DEP (3.6%) > DMP (1.8%) = BBP (1.8%) > DnOP (0%). Compared with the averaged/maximal concentrations and DF of PAEs in surface water, most of these compounds in groundwater are lower except the BBP and DnOP. Similar to surface water, it is clear that DEHP is also plentiful in most of groundwater samples, and the average contribution to the Σ 6 PAEs is 52.1%, the next is DnBP, and the average contribution is 40.4%, followed by DEP, and the average contribution is 5.1%. Obviously, DEHP and DnBP also predominate in PAEs in groundwater of Dongguan city. This result is consistent with the commonly findings reported previously (Wang et al., 2008a; Zhang et al., 2009;  Liu et al., 2010) , in which the DEHP and DnBP were the main compounds of the PAEs in groundwater. Furthermore, this work shows that a single PAE congener is highly correlated with the Σ 6 PAEs in groundwater of Dongguan city. The highest Pearson correlation coefficient of 0.726 (p < 0.01) between DEHP and the Σ 6 PAEs suggests that DEHP is a predictive indicator for the Σ 6 PAEs in groundwater. The maximal value of DEHP concentration in groundwater of study area is higher than those in Wuhan city (Wang et al., 2008a) , Jianghan plain (Zhang et al., 2009) and one landfill (Liu et al., 2010) . Meanwhile, the maximal value of DnBP concentration in groundwater of study area is also higher than those in Wuhan city (Wang et al., 2008a) and Jianghan plain (Zhang et al., 2009) , although this is lower than that in one landfill (Liu et al., 2010) . According to the standards for drinking water quality of China and USEPA, the maximum admissible concentrations (MAC) of DnBP and DEHP for drinking water quality are 3 µg/L (GB5749-2006) and 6 µg/L (Fukuwatari et al., 2002) , respectively. Therefore, the maximal values of DnBP and DEHP concentrations exceeded the MAC of China and USEPA, which indicates that the local government should pay more attention to the control of PAEs pollution in groundwater to prevent further pollution. SW2   SW9   SW7   SW8   GW01   GW02   GW03   GW04   GW05   GW06   GW07  GW08   GW09   GW10   GW11   GW12   GW13  GW14   GW15   GW16   GW17   GW18   GW19   GW20   GW21   GW22   GW23   GW24   GW25   GW26   GW27   GW28   GW29   GW30   GW31   GW32   GW33   GW34  GW35   GW36  GW37  GW38  GW39   GW40   GW41   GW42   GW43   GW44   GW45   GW46   GW47   GW48   GW49   GW50   GW51   GW52 GW53
SW: surface water GW: groundwater higher Σ 6 PAEs are measured in west of Dongguan city such as GW03-04, GW37 and GW56, and most of higher Σ 6 PAEs are measured near the boundary of Dongguan city. On the contrary, the Σ 6 PAEs in groundwater are BDL in the center of the city such as GW11-21, GW32, GW53
and GW55. In all groundwater, the samples with three species of PAEs are 1.8%, the samples with two species of PAEs are 7.1%, and the samples with one species of PAEs are 30.4%. Therefore, in the groundwater samples with higher Σ 6 PAEs, most of them only have one species of PAEs.
Possible sources of PAEs in groundwater
As Fig. 3 , in the study area, there is a significant positive correlation (R = 0.993, p < 0.01) between average PAEs (individual and total) in surface water and that in groundwater, which indicates that PAEs in surface water and groundwater of study area have the same source. Furthermore, higher Σ 6 PAEs were measured in groundwater of northwest of Dongguan city where belongs to the Pearl River basin. Correspondingly, most of surface water in the Pearl River basin had high Σ 6 PAEs (Fig. 2) . Therefore, according to the above, it can be concluded that PAEs in surface water may infiltrate into groundwater of study area due to the good hydraulic connection between surface water and groundwater (Sun et al., 2007) , and PAEs in surface water may be one of the main sources for PAEs in groundwater of study area.
As described above, DEHP and DnBP are the main species of PAEs in both surface water and groundwater of study area, which is in accordance with the results that DEHP and DnBP are also the main species of PAEs in agricultural soils of study area . The main reason may be as follows; As PAEs do not chemically bind in the polymeric matrix, they can input the environment directly and/or indirectly, during the production of plastic products or after disposal, especially for DEHP, because the large and widespread application of DEHP and the share of DEHP is 50-60% in the commercial PAEs (Gómez-Hens and Aguilar-Caballos, 2003) . For instance, sampling site GW34 where near one small landfill with plenty of discarded plastic products, accordingly, the DEHP and DnBP in groundwater are 1.0 µg/L and 3.2 µg/L, respectively (Sun et al., 2007) . These are in agreement with the result reported by Liu et al. (2010) who also observed that landfill had an obvious effect on the contamination of PAEs in groundwater. Similar to DEHP, an increasing consumption of DnBP around the Pearl River Delta area during the past decades has been reported (Zeng et al., 2008) . Therefore, compared with other PAEs, the higher concentrations of DEHP and DnBP in groundwater of study area may be caused by the large production and widespread use of these compounds.
In the present study, we choose the Σ 6 PAEs of groundwater, which were above detection limit and the corresponding groundwater tables to analyze the correlations between the Σ 6 PAEs and groundwater table. As Fig. 4(A) , we found no significant correlation (R = 0.3702, p < 0.1) between the Σ 6 PAEs and tables in groundwater. Figure 4 (B) illustrates that groundwater DEHP concentrations is irrelevant to groundwater tables, which indicates that DEHP in surface may be difficult to intrude into shallow groundwater along with rainwater due to the strong absorption of soils. By contrast, the DnBP concentrations in groundwater are apparently negatively correlated (R = 0.6496, p < 0.05) with groundwater tables (Fig. 4(C) ). Thus, the DnBP in surface may intrude into shallow groundwater along with rainwater through the crevice with limited absorption, and it may be attributed to high concentrations of DnBP in groundwater of study area. The results are in accordance with Liu et al. (2010) , who observed that DnBP in landfill could enter into and transport with deeper groundwater. However, DEHP could not be detected, because DEHP is higher absorption and lower solubility than DnBP (Staples et al., 1997) . Actually, high concentration of DEHP in groundwater of study area may be caused by releasing from the plastic products in aquifer and wells because plastic products contain plenty of DEHP. For example, sampling sites GW01 and GW03, where are near road and the Pearl River, respectively, with artificial soils, and the corresponding aquifers have plenty of discarded plastic products (Sun et al., 2007) , correspondingly, the concentrations of DEHP in groundwater of sites GW01 and GW03 were 2.0 µg/L and 4.0 µg/L, respectively. Another phenomenon, sampling sites GW04 and GW29 are located at residential districts, and the corresponding wells for sampling have abundant discarded plastic bags at their bottom (Sun et al., 2007) , correspondingly, the concentrations of DEHP in groundwater of sites GW04 and GW29 were 4.0 µg/L and 6.2 µg/L, respectively. In contrast, such as sampling sites GW12 and GW31 are near hilly area, the corresponding aquifers with natural sand and few plastic products (Sun et al., 2007) , correspondingly, groundwater PAEs concentrations are below detection limit.
CONCLUSIONS
Six PAE compounds are detected in surface water and shallow groundwater collected from Dongguan city, South China. Average concentrations of PAEs in surface water are higher than those in groundwater except the BBP and DnOP, and the PAEs are contaminated in part of surface water and groundwater in Dongguan city. The DEHP and DnBP are the main PAEs in surface water and groundwater. The DnBP and DEHP concentrations are predictive indicators for the Σ 6 PAEs in surface water and groundwater, respectively, because of the highest Pearson correlation coefficient between these and the Σ 6 PAEs. Most of higher Σ 6 PAEs in groundwater are measured near the boundary of Dongguan city. In contrast, the Σ 6 PAEs in groundwater are below detection limit in the center of Dongguan city. PAEs in surface water may be one of the main sources for those in groundwater of study area because of the high Σ 6 PAEs in surface water and the good hydraulic connection between surface water and groundwater. Compared with other PAEs, the higher concentrations of DEHP and DnBP in groundwater of study area may be caused by the large production and widespread use of these compounds. Currently, there are few data on PAEs in groundwater in other areas of the Pearl River Delta, especially in deep groundwater, and therefore, more research is necessary.
